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Abstract 
This study presents a reliable method for performing reverse transcription quantitative real-time 
PCR (RT-qPCR) to measure gene expression in the whitefly Bemisia tabaci (Asia I) (Gennadius) 
(Hemiptera: Aleyrodidae), utilising suitable reference genes for data normalisation. We identified 
orthologs of commonly used reference genes (actin (ACT), cyclophilin 1 (CYP1), elongation fac-
tor 1α (EF1A), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ribosomal protein L13a 
(RPL13A), and α-tubulin (TUB1A)), measured the levels of their transcripts by RT-qPCR during 
development and in response to thermal stress, and evaluated their suitability as endogenous con-
trols using geNorm, BestKeeper, and NormFinder programs. Overall, TUB1A, RPL13A, and 
CYP1 were the most stable reference genes during B. tabaci development, and TUB1A, GAPDH, 
and RPL13A were the most stable reference genes in the context of thermal stress. An analysis of 
the effects of reference gene choice on the transcript profile of a developmentally-regulated gene 
encoding vitellogenin demonstrated the importance of selecting the correct endogenous controls 
for RT-qPCR studies. We propose the use of TUB1A, RPL13A, and CYP1 as endogenous con-
trols for transcript profiling studies of B. tabaci development, whereas the combination of 
TUB1A, GAPDH, and RPL13A should be employed for studies into thermal stress. The data pre-
sented here will assist future transcript profiling studies in whiteflies. 
 
 
 
 
 
Abbreviations: ACT, actin; AESM, average expression stability M; CYP1, cyclophilin 1; Cq, quantification cycle; EF1A, 
elongation factor 1α; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; RPL13A, ribosomal protein L13a; TUB1A, α-tubulin; 
VG, vitellogenin 
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Introduction 
 
The whitefly Bemisia tabaci (Gennadius) 
(Hemiptera: Aleyrodidae) species complex 
encompasses some of the most invasive and 
destructive pests of agricultural and ornamen-
tal crops throughout the world and is 
responsible for losses of billions of dollars 
annually (Brown et al. 1995; Oliveira et al. 
2001; Dalton et al. 2006; Seal et al. 2006). 
The whitefly represent a major threat to global 
food production primarily due to their direct 
damaging effects on host plants, their broad 
host range, and their ability to vector numer-
ous plant viruses (Bedford et al. 1994; Seal et 
al. 2006; Crowder et al. 2009). As a conse-
quence of the growing economic importance 
of B. tabaci worldwide, genomic resources 
have been developed utilising next generation 
sequencing technologies for whitefly tran-
scriptome assembly (Leshkowitz et al. 2006; 
Wang et al. 2010; Seal et al. 2012; Xie et al. 
2012). Despite the absence of a complete ge-
nome for B. tabaci, the available expressed 
sequence tag (EST) datasets have enabled the 
development of methods for the analysis of 
gene expression, such as microarray and 
reverse transcription quantitative real-time 
PCR (RT-qPCR), to help elucidate molecular 
mechanisms of insecticide resistance, thermo-
tolerance, and parasitoid-host interactions 
(Leshkowitz et al. 2006; Ghanim and 
Kontsedalov 2007; Mahadav et al. 2008, 
2009; Yu and Wan 2009; Wang et al. 2010; 
Seal et al. 2012; Xie et al. 2012). The antici-
pated growth in post-genomic studies in B. 
tabaci means that RT-qPCR-based methods 
will continue to offer a powerful means by 
which to identify differentially-expressed ge-
nes involved in fundamental biological 
processes, particularly now that high-
throughput RT-qPCR methodologies are avai-
lable (Morrison et al. 2006). 
 
RT-qPCR is the most sensitive, accurate, and 
reproducible quantitative method for the ana-
lysis of gene expression and is employed 
extensively for the verification of data derived 
from high-throughput microarray studies. For 
accurate and reliable gene expression analysis, 
it is critical that RT-qPCR data is normalised 
appropriately to control for variations in the 
efficiency of reverse transcription and PCR, 
and the purity and integrity of mRNA. The 
most common strategy for normalisation in-
volves relating the mRNA abundance of the 
gene of interest to that of a single endogenous 
reference gene and is based on the assumption 
that the reference gene is expressed constituti-
vely and is independent of cell or tissue type, 
or different biological or treatment conditions 
(Pfaffl 2001). However, significant constraints 
to this approach exist that can undermine the 
accuracy of RT-qPCR data. For example, the 
mRNA levels of commonly-used reference 
genes such as actin (ACT) and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) have 
been shown to vary significantly under parti-
cular developmental contexts and 
experimental conditions (Radonić et al. 2004; 
De Jonge et al. 2007), and the use of only a 
single reference gene as internal control can 
lead to erroneous normalisation with transcript 
levels differing up to 20-fold (Vandesompele 
et al. 2002). Therefore, for accurate normali-
sation it is vital that potential reference genes 
be validated for each species and experimental 
conditions employed to assure stability of ex-
pression in advance of relative quantification 
of target genes by RT-qPCR. 
 
Software-based methods have been developed 
that allow a more rational approach to the se-
lection and standardisation of endogenous 
controls for RT-qPCR studies. The three soft-
ware programs geNorm (Vandesompele et al. 
2002), NormFinder (Anderson et al. 2004), 
and BestKeeper (Pfaffl et al. 2004) use statis-
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tical algorithms to calculate stability measu-
rements for a given set of reference genes that 
ranks each gene from the most stably expres-
sed to the least stably expressed reference 
gene, and supports the use of multiple norma-
lisation genes. No systematic survey 
comparing the suitability of different candi-
date reference genes has been conducted in B. 
tabaci, and of the transcript profiling studies 
that have been published to date, all but one 
have made use of a single, unvalidated nor-
malisation gene (Sinisterra et al. 2005; Alon et 
al. 2008; Karunker et al. 2008; Mahadav et al. 
2008, 2009; Mason et al. 2008; Yu and Wan 
2009). The absence of fully-tested, reliable 
internal reference genes in B. tabaci makes 
the establishment of more precise methods for 
standardisation of RT-qPCR an urgent requi-
rement in whitefly research.  
 
Therefore, the aim of this study was to identi-
fy candidate reference genes in B. tabaci and 
to assess which of these genes are the most 
suitable for normalisation of RT-qPCR data 
during development, in different adult tissues, 
and in response to thermal stress. In addition, 
we identified and characterised by transcrip-
tion profiling a developmentally-regulated 
gene that showed high homology to vitelloge-
nin genes from other insects and served as a 
developmental marker to validate the tran-
scription profiles observed for the reference 
genes during development. We also examined 
the effects of reference gene selection upon 
the calculated expression profile of the vitel-
logenin gene during development and in 
different adult tissues to demonstrate the im-
portance of adopting the correct normalisation 
strategy for analysing gene expression. The 
data presented here will facilitate accurate and 
reproducible transcript profiling studies in B. 
tabaci during development and in response to 
thermal stress and will provide a useful re-
source for selection of reference genes in 
different tissues and experimental conditions 
in B. tabaci and other closely-related insects.  
 
Material and Methods 
 
Insects and rearing conditions 
The B. tabaci (Asia I genetic clade) popula-
tion used in this study were reared on cotton 
plants, Gossypium hirsutum L. (Cv. Laxmi) 
(Malvales: Malvaceae), in insect-proof cages 
under controlled conditions of temperature (26 
± 1°C), light (14:10 L:D), and relative humidi-
ty (70 ± 10%). The population was originally 
obtained from aubergine, Solanum melongena 
L. (Solanales: Solanaceae), grown in Coimba-
tore, South India, and was selected for 
homozygosity over multiple generations. The 
population was confirmed as belonging to the 
Asia I genetic clade by partial sequencing of 
the mitochondrial cytochrome c oxidase 1 
(mtCO1) gene according to established meth-
ods (Dinsdale et al. 2010). The insects were 
held under Invertebrate DEFRA-licence 
Number PHL 176C/6274 (03/2010). 
 
Experimental samples 
To obtain temporal and spatial gene expres-
sion profiles of the reference gene transcripts 
during postembryonic development in B. 
tabaci, we analysed tissue from six different 
developmental stages/tissue types: eggs, first 
instars, fourth instars (red eye puparia), adults, 
dissected heads plus thorax (with legs and 
wings removed), and dissected abdomen. The 
samples taken from the whitefly colony com-
prised both males and females. Whitefly 
tissues were dissected under a binocular mi-
croscope with typically 1–5 mg of tissue from 
each stage being collected and frozen imme-
diately in liquid nitrogen and stored at -80°C. 
For each developmental stage/tissue type, two 
biological replicates were used (separately) 
for RNA extraction. To obtain gene expres-
sion profiles in response to thermal stress, 
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approximately 200 B. tabaci adults (com-
prised of both males and females) were 
collected for each sample and incubated for 
3.5 hr at different temperatures ranging from 
1°C to 15°C with a gradient of 7°C, and from 
25°C to 45°C with a gradient of 5°C. Follow-
ing treatment, the samples were immediately 
frozen in liquid nitrogen and stored at -80°C. 
For each temperature treatment, two biologi-
cal replicates were used (separately) for RNA 
extraction. To minimise the impact of poten-
tial RNA degradation on results, only RNA 
samples stored for less than two weeks were 
used in our study. 
 
Total RNA extraction and cDNA synthesis 
Total RNA was extracted from B. tabaci tis-
sue using TRIzol Reagent (Invitrogen, 
www.lifetechnologies.com) and eluted using 
40 µL nuclease-free water (Thermo Scientific, 
www.thermoscientific.com). Additional rea-
gents required for extraction (isopropanol, 
ethanol, chloroform) were obtained from 
Sigma-Aldrich (www.sigmaaldrich.com). 
RNA was further purified using the RNAque-
ous-4PCR kit with subsequent DNaseI 
treatment on the column (Ambion, Invitrogen) 
to eliminate potential genomic DNA contami-
nation. RNA concentration and purity in each 
extract were determined using a BioPhotome-
ter (Eppendorf, www.eppendorf.com). Purity 
was calculated from the 260/280 nm ratio, and 
only those samples with values of between 1.8 
and 2.1 were used in this study. To confirm 
the absence of significant RNA degradation, 
RNA integrity was visualised by denaturing 
agarose gel electrophoresis and ethidium bro-
mide staining. Reverse transcription was 
performed using 2 µg total RNA in a total re-
action volume of 20 µL with the 
RETROscript kit (Ambion) utilising an oligo 
(dT)18 primer. Following an initial treatment 
at 70°C for 3 min, the RT reaction was carried 
out at 42°C for 1 hr using 1 µL MMLV-RT 
Reverse Transcriptase (100 units), and termi-
nated by heating to 92°C for 10 min. After 
cDNA synthesis, all cDNA samples were di-
luted 10 times in molecular grade water and 
stored at -20°C.  
 
Identification of reference genes and pri-
mer design 
Potential candidate reference genes from Dro-
sophila melanogaster (Meigen) (Diptera: 
Drosophilidae) and other closely related in-
sects were used for nucleotide and protein 
BLAST searches among the available ex-
pressed sequence tag databases of B. tabaci 
(Leshkowitz et al. 2006; Wang et al. 2010) 
and from our own B. tabaci Asia I sequence 
collection (Seal et al. 2012). Sequences for six 
common reference genes were identified in B. 
tabaci: actin (ACT), cyclophilin 1 (CYP1), 
elongation factor 1α (EF1A), glyceraldehyde 
3-phosphate dehydrogenase (GAPDH), ribo-
somal protein L13a (RPL13A), and α-tubulin 
(TUB1A) (Table 1, Figure S1). In addition, 
one sequence that showed high homology to 
vitellogenin (VG) genes in other insects was 
identified in the above databases and used in 
this study as a developmental marker to fur-
ther validate the gene expression profiles 
determined during development (Table 1, 
Figure S1). To prevent co-amplification of 
homologous target sequences, multiple se-
quence alignments were performed using 
ClustalW (EMBL-EBI, 
www.ebi.ac.uk/clustalw/), and Asia I-specific, 
non-degenerate primers were designed to am-
plify a single product from each of the 
reference genes and target gene (Figure S1). 
Primer sequences and the characteristics of 
each primer pair used in this study are shown 
in Table 2. All primers were designed with the 
aid of the OligoCalc software 
(www.basic.northwestern.edu/biotools/oligoca
lc.html) and synthesized and purified (by de-
salting) at Invitrogen (UK). PCR 
 Journal of Insect Science: Vol. 14 | Article 63  Collins et al. 
Journal of Insect Science | http://www.insectscience.org	 	 	 	 	 	 	 	 	 	 	 	 	 	 	  	 	 	 	 	 	 	 5 
 
 
amplification conditions were first optimised 
using standard PCR with AmpliTaq Gold 360 
(Applied Biosystems, 
www.appliedbiosystems.com) to determine 
optimal primer and MgCl2 concentrations and 
thermocycling parameters. Specificity of all 
primers for their respective target sequence 
was demonstrated by (1) the amplification of a 
single PCR product followed by sequencing 
of the resulting PCR fragment (GeneService 
UK, www.lifesciences.sourcebioscience.com), 
(2) the generation of a single peak in the dis-
sociation (melting curve) analysis following 
RT-qPCR (below), and (3) an in silico speci-
ficity screen using BLAST analysis.  
 
Reverse transcription quantitative real-
time PCR assays 
All RT-qPCR reactions were prepared using 
an epMotion 5070 robotic dispenser (Eppen-
dorf) in twin.tec 96-well PCR plates 
(Eppendorf). Each 25 µL reaction consisted of 
11.25 µL RealMasterMix SYBR ROX 2.5x 
(5Prime, www.5prime.com), 1.0 µL forward 
and reverse primer (final concentration of 200 
nm each primer), 2.5 µL diluted cDNA, and 
10.25 µL molecular biology grade water. As-
says were also performed in parallel in a 
number of experiments using the QuantiTect 
SYBR Green PCR Kit (Qiagen, 
www.qiagen.com) and gave equally satisfac-
tory results (data not shown). All samples 
were analysed in the same run and reactions 
were performed in triplicate on a Mastercycler 
ep realplex cycler (Eppendorf) using the fol-
lowing thermal cycling profile: 95°C (15 min) 
followed by 40 cycles of 95°C for 15 sec, 
60°C for 30 sec, and 68°C for 30 sec. Finally, 
a dissociation (melting curve) analysis was 
performed to confirm the amplification of a 
single expected PCR product and the absence 
of primer dimer formation, according to the 
manufacturers’ instructions (Eppendorf). To 
obtain amplification efficiencies for each pri-
mer set, a relative standard curve was generat-
ed for each primer pair using 10-fold serial 
dilutions of cDNA corresponding to 500 ng to 
0.5 ng cDNA and analysed using the realplex 
software (Eppendorf). Efficiency of amplifica-
tion (E) and correlation coefficients (R2) were 
calculated for each primer pair. PCR efficien-
cies derived in this study are shown in Table 
2. Several minus RT (negative control) reac-
tions were included with primers specific for 
ACT, GAPDH, and EF1A to confirm success-
ful removal of all contaminating DNA in all 
RNA samples as shown by the failure to de-
tect the corresponding amplicon in each minus 
RT control reaction by RT-qPCR. Further-
more, additional negative control (no template 
control) reactions (NTC) were included in all 
assays by substituting water for template 
DNA to confirm that no contaminating DNA 
was present in any of the PCR reagents.  
 
Data analysis 
The stability of the candidate reference genes 
during development and in response to ther-
mal stress was determined using three 
different software packages: geNorm 
(Vandesompele et al. 2002) (downloaded 
from 
http://medgen.ugent.be/~jvdesomp/genorm/), 
NormFinder (Andersen et al. 2004) 
(http://www.mdl.dk/publicationsnormfinder.ht
m), and BestKeeper (Pfaffl et al. 2004) 
(http://www.gene-
quantification.com/bestkeeper.html). GeNorm 
conducts pairwise comparisons and ranks the 
reference genes based on the similarity of 
their expression profiles such that those genes 
with the most similar expression profiles will 
be ranked the highest independent of experi-
mental conditions but is susceptible to the 
inclusion of coregulated genes. NormFinder 
applies a mathematical model to estimate the 
variation of the candidate reference genes (in-
tra- and inter-group expression variations) and 
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Table 1. Candidate reference and target genes evaluated in this study.  
 
 
 
 
 
 
 
 
n/a = not applicable. 
 
 
 
 
 
 
 
is less susceptible to coregulated genes be-
cause it will identify the most stable genes as 
those with the least overall variation in ex-
pression. BestKeeper ranks the reference 
genes according to expression stability based 
on calculations of the standard deviations and 
coefficient of variance of expression levels 
and identifies the best genes as those with 
least variation. For both geNorm and 
NormFinder, it was necessary to transform the 
raw averaged quantification (threshold) cycle 
(Cq; terminology according to established 
guidelines (Bustin et al. 2009)) values of trip-
licate reactions to quantities using the 
comparative Ct method and specific PCR effi-
ciencies in order to provide an input file 
format suitable for analysis using these two 
Microsoft Excel (www.microsoft.com) appli-
cations according to the described methods 
(Vandesompele et al. 2002; Andersen et al. 
2004). For the BestKeeper application, the 
raw averaged Cq values were used (without 
transformation) to calculate the gene stability 
values according to the instructions contained 
with the program. To determine the relative 
(normalised) expression level of the vitello-
genin (VG1) gene, we used both the ΔΔCt 
method (Pfaffl 2001) and the geNorm pro-
gram (Vandesompele et al. 2002), which each 
had different input requirements. The ΔΔCt 
method requires the raw Cq values for input, 
uses a single reference gene for normalisation, 
and displays the transcript abundance of the 
target gene relative to a designated 1-fold con-
trol sample (usually the sample with the 
lowest expression). GeNorm, on the other 
hand, requires transformed Cq values for input 
(discussed above), uses the geometric mean of 
selected reference gene quantities to calculate 
a normalisation factor, and shows the normal-
ised expression levels relative to a designated 
1-fold control sample. Statistical tests of sig-
nificance for gene expression changes using 
raw Cq values was determined by ANOVA in 
SPSS software (IBM, www.ibm.com) with a 
threshold of P < 0.01. 
 
Results 
 
Reverse transcription quantitative real-
time PCR assay development  
From our B. tabaci Asia I sequence collection 
(Seal et al. 2012) and publicly available ex-
pressed sequence tag collections (Leshkowitz 
et al. 2006; Wang et al. 2010), we identified 
and characterised six candidate reference 
genes in the genome of B. tabaci: actin 
(ACT), cyclophilin 1 (CYP1), elongation fac-
tor 1α (EF1A), glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), ribosomal protein 
L13a (RPL13A), and α-tubulin (TUB1A) (Ta-
ble 1, Figure S1). We also identified a 
sequence in our database that showed a high 
degree of similarity with vitellogenin (VG) 
genes from closely-related insects and named 
it VG1 (Table 1 and Figure S1). From the 
above sequence collections, we designed and 
tested gene-specific primers to target each ref-
erence gene and the target gene (Table 2, 
Figure S1). Initial screening of the six poten-
tial reference genes and the target gene by 
conventional RT-PCR showed that all genes 
were expressed in adult whiteflies as evi-
denced by the generation of single amplicons 
of the expected sizes (Figure S2). Gene-
specific amplification of all genes was con-
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Table 2. Information on the oligonucleotide primers used in RT-qPCR. 
 
 
 
 
 
 
 
 
 
R2 = correlation coefficient. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Reference and vitellogenin gene expression during development in Bemisia tabaci. For clarity, the y-axis has been reversed to 
show maximum levels of transcript abundance at different developmental stages. Note also that sample points are joined for clarity in 
order to show the general trend of gene expression stability for all genes across developmental stages/tissue types and in no way assumes 
a continuous data set. High quality figures are available online. 
 
 
 
 
 
 
 
 
firmed by sequencing of the PCR product, and 
all genes displayed 100% identity with the 
sequences upon which the primer design was 
based (Figure S1). The efficiencies of the RT-
qPCR amplifications for all seven genes were 
uniformly high, ranging from 91% to 104%, 
making all primer pairs suitable for quantita-
tive analysis (Table 2, Table S1). Under RT-
qPCR conditions, all PCR reactions generated 
a single peak in the real-time dissociation 
(melting curve) analysis, and the absence of 
primer dimer formation confirmed the speci-
ficity of the gene-specific primers (data not 
shown). 
 
Validation of reference genes during B. 
tabaci development and in different tissues 
 
Transcription profiling of reference and 
target genes. The RNA transcript levels of 
the six reference genes and the target gene 
were monitored over different representative 
developmental stages and tissue types of B. 
tabaci: eggs, first instars, fourth instars (red 
eye puparia), adults, adult heads plus thorax, 
and abdomen. Raw Cq values were used to 
construct the transcription profiles for all the-
se genes (Table S2, Figure 1). Overall, Cq 
values ranged from 18.09 (ACT) to 24.12 
(EF1A) for the six reference genes, and the 
lowest Cq variation was shown for reference 
gene TUB1A, with ACT showing the most 
variation (Table 3). All reference genes were 
uniformly highly expressed in B. tabaci with 
the exception of EF1A, which was expressed 
at a slightly lower level with a mean Cq value 
above 22 cycles.  
 
The VG1 target gene showed a large variation 
in Cq values ranging from 13.74 to 29.44, 
with lowest expression during the egg stage 
(29.44) and the highest expression during the 
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Table 3. Quantification cycle (Cq) values of candidate reference genes and target gene during development and in response to thermal 
stress in Bemisia tabaci.  
 
 
 
 
 
 
 
 
 
 
 
 
Dev = development; TS = thermal stress; nd = not determined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Ranking of the reference genes in order of their expression stability derived from the analyses by geNorm, BestKeeper and 
NormFinder. 
 
 
 
 
 
 
 
 
 
The genes are ranked by decreasing expression stability from top to bottom.  
*Average expression stability M values calculated by geNorm shown in parenthesis.  
#Stability values calculated by NormFinder shown in parenthesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
adult stage (13.74; Figure 1). The transcrip-
tion profile of the VG1 gene clearly shows 
developmental regulation of VG1 transcrip-
tion and is consistent with a primary 
functional role in reproduction (vitellogene-
sis), as reported in other insects (Tufail and 
Takeda 2008). This pattern of expression for 
VG1 is in agreement with data reported for 
two putative VG-like genes from a recent mi-
croarray study in B. tabaci (Wang et al. 2010). 
Therefore, as a developmental marker gene 
for our RT-qPCR experiments, we believe our 
data accurately reflects the transcriptional ac-
tivity for VG1 during B. tabaci development 
and in different tissues, and thus strengthens 
the validation approach for the reference 
genes adopted in this study. 
 
Evaluation of expression stability. The ex-
pression stability of the six candidate 
reference genes over representative stages of 
the life cycle of B. tabaci was evaluated using 
the three software programs BestKeeper, 
geNorm, and NormFinder. The geNorm ap-
proach ranked the reference genes according 
to the average expression stability M (AESM) 
values determined, from the most stable (low-
est M value) to the least stable (highest M 
value) gene (Table 4). GeNorm identified 
RPL13A and TUB1A as the most stable en-
dogenous control gene, with a combined 
AESM value of 0.355, followed by CYP1, 
which increased the AESM value to 0.429 for 
the combination of the best three genes. How-
ever, all genes reached a rather high 
expression stability, with AESM values below 
the accepted limit of M = 1.5 (Vandesompele 
et al. 2002). NormFinder ranked CYP1 and 
EF1A as the two most stably-expressed genes 
according to the lowest observed stability val-
ues, followed by GAPDH (Table 4). The 
analyses conducted with BestKeeper ranked 
the reference genes based on the standard de-
viation of the Cq values and identified the 
same three best genes as with geNorm, with 
the most stable gene being TUB1A, followed 
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Figure 2. Pairwise variation analysis to determine the optimal number of reference genes required for accurate normalisation. Pairwise 
variation analysis between the normalisation factors NFn and NFn+1 was performed to determine the optimal number of reference genes 
required for accurate normalisation during development (black bars) and in response to thermal stress (grey bars) in Bemisia tabaci using 
geNorm software. High quality figures are available online. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
by CYP1 and RPL13A as second and third 
gene (Table 4, Table S3). Taken together, the 
analyses using all three software programs 
identified TUB1A, RPL13A, and CYP1 as the 
three most stably expressed genes during B. 
tabaci development. ACT was found to be the 
least stable gene in all stages and tissues by all 
three programs.  
 
The minimum number of genes necessary for 
accurate normalisation was determined from 
the calculation of the pairwise variation 
(Vn/n+1) using geNorm (Figure 2). A decreas-
ing variation in this ratio as a result of 
inclusion or removal of a candidate gene from 
the analysis corresponds to increasing expres-
sion stability. The lowest V value was found 
to be 0.144 for V2/3 and is below the widely-
accepted default cut-off of 0.15 (Vandesom-
pele et al. 2002) indicating that two reference 
genes, TUB1A and RPL13A, would be suffi-
cient to accurately normalise the data obtained 
during development. However, since 
NormFinder and BestKeeper found CYP1 
overall more stable than RPL13A (Table 4) 
and CYP1 was ranked third by geNorm, 
CYP1 should be included with TUB1A and 
RPL13A in the set of the three best reference 
genes. The inclusion of CYP1 gave a V value 
of 0.148 for V3/4, below the 0.15 cut-off indi-
cating a suitably stable expression level for all 
three genes across developmental samples 
(Figure 2). 
 
 
Validation of reference genes in adult B. 
tabaci exposed to thermal stress 
 
Transcription profiling of reference genes. 
Transcription profiles were generated for the 
six reference genes in adults of B. tabaci ex-
posed to different temperatures (Figure 3, 
Table S4). Collectively, the variation in tran-
script levels of the endogenous controls in 
thermally stressed adults were significantly 
lower than those during development(Table 3, 
Figure 3). The lowest Cq variation among the 
reference genes across all samples was ob-
served for EF1A. ACT showed the greatest 
overall variation in transcript levels.  
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Figure 3. Reference gene expression in Bemisia tabaci adults responding to thermal stress. Note that the y-axis has been reversed as in 
Figure 1. Note also that the scale of the x and y-axis used (minimum and maximum values set) are the same as for Figure 1 to highlight 
the relatively high expression stability of the reference genes under thermal stress treatment compared to the expression levels of the 
respective genes during development. High quality figures are available online. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Evaluation of expression stability. The three 
software programs all showed the stability 
values calculated for the genes during thermal 
stress to be significantly higher than for those 
obtained during development (Table 4). The 
geNorm analysis showed TUB1A and 
GAPDH to be the most stable reference genes 
and RPL13A to be ranked third (Table 4). All 
reference genes showed AESM values below 
the default limit of M = 1.5 (Vandesompele et 
al. 2002), which is indicative of a high expres-
sion stability during thermal stress. 
NormFinder indicated the same three best 
genes as with geNorm, with TUB1A being 
most stable, followed by GAPDH and 
RPL13A as second and third best (Table 4). 
According to BestKeeper, the most stable ref-
erence gene was EF1A, followed closely by 
GAPDH and RPL13A (Table 4, Table S5). By 
the combination of all three programs, 
TUB1A, GAPDH, and RPL13A emerge as the 
three most stably-expressed genes in adult B. 
tabaci exposed to thermal stress. ACT was 
found to be the least stable gene by all three 
programs.  
 
The minimum number of genes necessary for 
accurate normalisation of RT-qPCR data dur-
ing thermal stress was calculated using 
geNorm (Figure 2). The lowest V value was 
found to be 0.048 for V2/3, which and is well 
below the default cut-off of 0.15 (Vandesom-
pele et al. 2002). This implies that two 
reference genes, TUB1A and GAPDH, would 
be sufficient to accurately normalise the data 
obtained during thermal stress. Because 
TUB1A and GAPDH are ranked the overall 
best two genes by the combination of all three 
software programs (Table 4), it is suggested to 
employ these genes for normalisation of data 
obtained during thermal stress. As RPL13A 
was ranked third overall, this gene could be 
included as an optional third reference gene. 
Its inclusion would have only a minimal effect 
on the calculated V value (0.053 for V3/4; Fig-
ure 2).  
 
Effect of reference gene selection on rela-
tive expression profile of VG1 
Because we observed significant variation in 
the transcript levels of the candidate reference 
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Figure 4. VG1 expression level during Bemisia tabaci development and in different tissues normalised under different sets of reference 
genes. (A) Relative quantification (log scale) of the VG1 gene normalised separately against each of the six reference genes using the 
ΔΔCt method (Pfaffl 2001) with the egg stage of development set as 1-fold expression. (B) VG1 expression levels normalised with three 
different sets of reference genes: the best three identified from this study (TUB1A/RPL13A/CYP1 (red bars)), all six reference genes 
(purple bars) and the worst three identified (ACT/GAPDH/EF1 (green bars)). Relative expression levels were calculated using geNorm 
(Vandesompele et al. 2002) with the adult stage of development set as 1-fold expression. Note that sample points are joined for clarity 
in order to show the general trend of gene expression stability for all genes across developmental stages/tissue types and in no way as-
sumes a continuous data set. High quality figures are available online. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
genes across developmental stages and tissue 
types of B. tabaci, we decided to examine the 
effects of reference gene selection on the 
calculated relative expression level of the 
VG1 gene during B. tabaci development. 
First, we normalised the VG1 expression data 
using each of the six genes separately to ob-
tain relative quantification profiles. The 
relative quantification for VG1 expression 
showed significant variation in all stages and 
tissue types (one-way ANOVA, P < 0.01), 
mostly due to normalization with ACT and 
GAPDH, which presented the largest variation 
(Figure 4A). These two reference genes were 
found to be the overall least stable genes dur-
ing development according to the analyses 
with geNorm, NormFinder, and BestKeeper 
(Table 4). In contrast, normalisation with 
TUB1A and RPL13A presented the smallest 
variation and resulted in highly similar ex-
pression profiles. Next, we normalised VG1 
expression with three different sets of refer-
ence genes: (A) with the three most stable 
genes identified from this study (TUB1A, 
RPL13A, CYP1), (B) with all six genes used 
in this study, and (C) with the three least sta-
ble genes identified in this study (ACT, 
GAPDH, EF1). Each set of reference genes 
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showed the expected upregulation of the VG1 
gene at the adult stage and in adult tissues as 
compared to the egg and instar stages, as well 
as a significant upregulation from adults to 
adult head/thorax (Figure 4B). However, 
whereas VG1 expression was seen to be sig-
nificantly down-regulated from the 
head/thorax sample to the abdomen sample 
when using the three best (most stable) refer-
ence genes, normalisation using all six 
endogenous controls showed VG1 expression 
to be up-regulated. An even greater difference 
in VG1 expression was observed for normali-
sation with the three worst (least stable) 
reference genes, which presented an even 
larger degree of up-regulation between the 
head/thorax and abdomen samples. Normali-
sation with ACT, GAPDH, and EF1A clearly 
overestimated the expression level for VG1 by 
approximately 2.5-fold compared to normali-
sation with TUB1A, RPL13A, and CYP1. 
These results demonstrate that reference gene 
selection can have a major influence on the 
calculated expression levels of target genes 
under specific experimental conditions.  
 
Discussion 
 
It is now widely accepted that the generation 
of accurate and reliable gene expression 
measurements by RT-qPCR is best achieved 
through the employment of candidate normal-
isation genes whose expression has been 
shown to be stable under the experimental 
conditions to be examined (Vandesompele et 
al. 2002; De Jonge et al. 2007). Surprisingly, 
validation studies of reference genes in insects 
are still rare and currently limited to Apis mel-
lifera (Lourenço et al. 2008; Scharlaken et al. 
2008), Schistocerca gregaria (Van Hiel et al. 
2009), Folsomia candida and Orchesella cinc-
ta (De Boer et al. 2009), Tribolium castaneum 
(Lord et al. 2010; Toutges et al. 2010), 
Bombyx mori, Plutella xylostella, Chilo sup-
pressalis, and Spodoptera exigua (Xie et al. 
2012). Herein, we addressed the current re-
quirement for standardisation of RT-qPCR 
data normalisation in the whitefly B. tabaci by 
evaluating the suitability of a set of candidate 
reference genes for RT-qPCR analyses during 
development and in response to thermal stress. 
In previous RT-qPCR studies in this species, 
data normalisation has been based on the use 
of a single, non-validated gene, most of which 
have been chosen from the set of classical 
‘housekeeping genes’ commonly-used in oth-
er organisms, such as actin (Sinisterra et al. 
2005; Alon et al. 2008; Mahadav et al. 2008; 
Yu and Wan 2009), 18S rRNA (Mason et al. 
2008), and tubulin (Mahadav et al. 2009). De-
spite the fact that the transcript levels of many 
commonly-used reference genes can vary sig-
nificantly under particular experimental 
conditions (Radonić et al. 2004; De Jonge et 
al. 2007), and that the use of single endoge-
nous controls can lead to highly erroneous 
estimates of expression levels (Vandesompele 
et al. 2002; De Jonge et al. 2007), there has 
been a continued reliance on a single, non-
validated normalisation gene that threatens to 
undermine the validity of previous RT-qPCR 
analyses in B. tabaci. In a systematic approach 
to select the most suitable reference genes for 
RT-qPCR analyses in B. tabaci, we identified 
putative orthologs of six commonly-used en-
dogenous control genes in the B. tabaci 
genome and analysed their stability at key 
transitional stages during the life cycle, in dif-
ferent tissues, and in adults exposed to 
thermal stress at different temperatures using 
the three statistical programs geNorm, Norm-
Finder, and BestKeeper (Vandesompele et al. 
2002; Anderson et al. 2004; Pfaffl et al. 2004). 
These three software programs differ in the 
underlying mathematical models they adopt, 
so we applied all three programs to our data in 
order to provide a robust screening approach 
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to selection of reference genes based on con-
sensus. 
 
The data from our study showed that the ex-
pression level of reference genes fluctuated 
much more between developmental samples 
than those from thermal stress, suggesting that 
there is a greater degree of modulation in the 
transcriptional activity for some, if not all, of 
the reference genes during transitions from 
one developmental stage to another (and be-
tween tissues) compared to thermal stress. 
This is not unexpected, because the change 
from one morphological form to another in-
volves widespread physiological changes that 
are accompanied by global genetic and epige-
netic changes in gene regulatory pathways. 
During development, TUB1A, RPL13A, and 
CYP1 were found to be the most stable genes, 
although peculiarly RPL13A and TUB1A 
were scored as fourth and fifth most stable, 
respectively, by NormFinder. This software 
program adopts a different statistical algo-
rithm for calculating stability, and the fact that 
the gene set showed rather high expression 
stability under the NormFinder analysis (ex-
cept for ACT) may have prevented any 
consensus being reached between the software 
approaches. Interestingly, GAPDH performed 
poorly in the analyses, being ranked second to 
last overall, whereas ACT emerged as the 
least stable gene by all programs. These re-
sults appear to be in contrast to validation 
studies in locust that revealed TUB1A as be-
ing one of the worst genes during locust 
development, but found ACT and GAPDH to 
be most suitable (Van Hiel et al. 2009). ACT 
was scored as a similarly stable gene in a vali-
dation study of reference genes during 
development in Apis mellifera (Lourenço et al. 
2008).  
 
The analyses for adults exposed to thermal 
stress revealed that TUB1A and RPL13A 
were again among the three most stable refer-
ence genes, along with GAPDH. ACT was 
once again ranked the least stable gene by all 
three programs. According to both geNorm 
and NormFinder, TUB1A was ranked first, 
whereas it came fifth using BestKeeper. The 
discordance in ranking is likely to be attribut-
able to the very high expression stability of 
the reference genes during the temperature 
treatments, thus preventing the same consen-
sus from being attained by all three software 
programs, as noted previously for develop-
mental samples. This is supported by the 
closeness in stability measurements (standard 
deviations and coefficients of variance) ob-
served between all genes using the 
BestKeeper approach. The high ranking of 
GAPDH in this case was surprising given that 
it was one of the worst genes identified during 
development, demonstrating that not every 
gene shown to be suitable in one set of exper-
imental conditions can be considered ideal 
automatically under a different experimental 
regime. The results obtained for thermal stress 
are in accordance with reference gene anal-
yses in the springtail, O. cincta, which found 
TUB1A as among the most stable in response 
to cadmium treatment, starvation, and in a 
combined analysis following various chemical 
and physical stresses (De Boer et al. 2009). 
Similarly, GAPDH was ranked as one of the 
best reference genes in the honey bee follow-
ing a bacterial challenge (Scharlaken et al. 
2008), whereas RPL13A was identified as an 
ideal reference gene in T. castaneum, both fol-
lowing a fungal challenge (Lord et al. 2010) 
and across life cycle stages and tissue types 
(Toutges et al. 2010). In the study of Lord et 
al. (2010), ACT was scored as unsuitable be-
cause it was among the least stable genes. In 
complete contrast to our findings, ACT was 
found to be the most suitable gene in the hon-
ey bee (Scharlaken et al. 2008), whereas 
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TUB1A and RPL13A were revealed as the 
least suitable in the same study.  
 
We illustrated the effects of reference gene 
choice for obtaining an accurate transcription 
profile for a developmentally-regulated target 
gene, vitellogenin1 (VG1). We chose to focus 
on development rather than thermal stress 
because we observed greater fluctuations in 
reference gene mRNA levels during develop-
ment than thermal stress, thus allowing us to 
highlight more clearly the consequences of 
incorrect normalisation on calculated expres-
sion. This gene served as an ideal 
developmental marker to validate the experi-
mental approach for measuring transcript 
abundance used in our study because the pat-
tern of expression observed for VG1 during 
development was in accordance with previous 
reports describing insect VG gene expression 
(Tufail and Takeda 2008; Wang et al. 2010). 
Although the overall transcription profile for 
VG1 was similar for whichever normalisation 
genes were used, selection of different subsets 
of reference genes gave drastically different 
quantitative measurements of target gene ex-
pression, demonstrating the importance of 
adopting the correct normalisation strategy for 
accurate gene expression analysis.  
 
In conclusion, our study provides the first de-
tailed survey on the identification and 
evaluation of candidate reference genes for 
accurate and reliable gene expression studies 
in B. tabaci. We propose that TUB1A, 
RPL13A, and CYP1 should be used in RT-
qPCR studies of B. tabaci development, 
whereas TUB1A, GAPDH, and RPL13A are 
suitable for studies on thermal stress. The val-
idation approach detailed here represents a 
valuable starting point for assisting the selec-
tion of suitable reference genes for future B. 
tabaci gene expression analyses under any 
experimental conditions. The range of genes 
optimised for evaluation here can be broad-
ened to include additional genes should it be 
necessary, a task that will be easier to accom-
plish once a fully sequenced genome is 
available for this organism.  
 
Acknowledgements 
 
The authors would like to thank Simon 
Springate for the technical support and 
maintenance of the whitefly colony. Funding 
for this work was provided by the University 
of Greenwich (project RAE-NRI-009/10). 
 
References 
 
Alon MAF, Nauen R, Morin S. 2008. 
Organophosphates’ resistance in the B-
biotype of Bemisia tabaci (Hemiptera: 
Aleyrodidae) is associated with a point 
mutation in an ace1-type acetylcholinesterase 
and overexpression of carboxylesterase. Insect 
Biochemistry and Molecular Biology 38: 940–
949.  
 
Andersen CL, Jensen JL, Orntoft TF. 2004. 
Normalisation of real-time quantitative 
reverse transcription-PCR data: a model-based 
variance estimation approach to identify genes 
suited for normalisation, applied to bladder 
and colon cancer data sets. Cancer Research 
64: 5245–5250. 
 
Bedford ID, Briddon RW, Brown JK, Rosell 
RC, Markham PG. 1994. Geminivirus 
transmission and biological characterisation of 
Bemisia tabaci (Gennadius) biotypes from 
different geographic regions. Annals of 
Applied Biology 125: 311–325. 
 
Brown JK, Frohlich DR, Rosell RC. 1995. 
The Sweetpotato or Whiteflies: Biotypes of 
Bemisia tabaci or a Species Complex? Annual 
Review of Entomology 40: 511–534. 
 Journal of Insect Science: Vol. 14 | Article 63  Collins et al. 
Journal of Insect Science | http://www.insectscience.org	 	 	 	 	 	 	 	 	 	 	 	 	 	 	  	 	 	 	 	 	 	 15 
 
 
Bustin SA, Benes V, Garson JA, Hellemans J, 
Huggett J, et al. 2009. The MIQE guidelines: 
minimum information for publication of 
quantitative real-time PCR experiments. 
Clinical Chemistry 55(4): 611–622. 
 
Crowder DW, Horowitz AR, Tabashnik BE, 
Dennehy TJ, Denholm I, et al. 2009. 
Analysing haplodiploid inheritance of 
insecticide resistance in whitefly biotypes. 
Bulletin of Entomological Research 99: 307–
315. 
 
Dalton R. 2006. Whitefly infestations: the 
Christmas Invasion. Nature 443: 898–900. 
 
De Boer ME, De Boer TE, Mariën J, 
Timmermans MJTN, Nota B, et al. 2009. 
Reference genes for RT-QPCR tested under 
various stress conditions in Folsomia candida 
and Orchesella cincta (Insecta, Collembola). 
BMC Molecular Biology 10: 54. 
 
De Jonge HJ, Fehrmann RS, de Bont ES, 
Hofstra RM, Gerbens F, et al. 2007. Evidence 
based selection of housekeeping genes. PLOS 
One 2(9): e898. 
 
Dinsdale A, Cook L, Riginos C, Buckley Y, 
De Barro PJ. 2010. Refined global analysis of 
Bemisia tabaci (Gennadius) (Hemiptera: 
Sternorrhyncha: Aleyrodoidea) mitochondrial 
CO1 to identify species level genetic 
boundaries. Annals of the Entomological 
Society of America 103: 196–208. 
 
Ghanim M, Kontsedalov S. 2007. Gene 
expression in pyriproxyfen-resistant Bemisia 
tabaci Q biotype. Pest Management Science 
63(8): 776–783. 
 
Karunker I, Benting J, Lueke B, Ponge T, 
Nauen R, et al. 2008. Over-expression of 
cytochrome P450 CYP6CM1 is associated 
with high resistance to imidacloprid in the B 
and Q biotypes of Bemisia tabaci (Hemiptera: 
Aleyrodidae). Insect Biochemistry and 
Molecular Biology 38: 634–644. 
 
Leshkowitz D, Gazit S, Reuveni E, Ghanim 
M, Czosnek H, et al. 2006. Whitefly (Bemisia 
tabaci) genome project: analysis of sequenced 
clones from egg, instar, and adult (viruliferous 
and non-viruliferous) cDNA libraries. BMC 
Genomics 7: 79. 
 
Lord JC, Hartzer K, Toutges M, Oppert B. 
2010. Evaluation of quantitative PCR 
reference genes for gene expression studies in 
Tribolium castaneum after fungal challenge. 
Journal of Microbiological Methods 80: 219–
221. 
 
Lourenço AP, Mackert A, dos Santos Cristino 
A, Paulino-Simões ZL. 2008. Validation of 
reference genes for gene expression studies in 
the honey bee, Apis mellifera, by quantitative 
real-time RT-PCR. Apidologie 39: 372–385. 
 
Mahadav A, Gerling D, Gottlieb Y, Czosnek 
H, Ghanim M. 2008. Parasitization by the 
wasp Eretmocerus mundus induces 
transcription of genes related to immune 
response and symbiotic bacteria proliferation 
in the whitefly Bemisia tabaci. BMC 
Genomics 9: 342. 
 
Mahadav A, Kontsedalov S, Czosnek H, 
Ghanim M. 2009. Thermotolerance and gene 
expression following heat stress in the 
whitefly Bemisia tabaci B and Q biotypes. 
Insect Biochemistry and Molecular Biology 
39: 668–676.  
 
Mason G, Caciagli P, Accotto GP, Noris E. 
2008. Real-time PCR for the quantitation of 
Tomato yellow leaf curl Sardinia virus in 
 Journal of Insect Science: Vol. 14 | Article 63  Collins et al. 
Journal of Insect Science | http://www.insectscience.org	 	 	 	 	 	 	 	 	 	 	 	 	 	 	  	 	 	 	 	 	 	 16 
 
 
tomato plants and in Bemisia tabaci. Journal 
of Virological Methods 147: 282–289. 
 
Morrison T, Hurley J, Garcia J, Yoder K, Katz 
A, et al. 2006. Nanoliter high throughput 
quantitative PCR. Nucleic Acids Research 
34(18): e123. 
 
Oliveira MRV, Henneberry TJ, Anderson P. 
2001. History, current status and collaborative 
research projects for Bemisia tabaci. Crop 
Protection 20: 709–723. 
 
Pfaffl MW. 2001. A new mathematical model 
for relative quantification in real-time RT-
PCR. Nucleic Acids Research 29(9): 2002–
2007. 
 
Pfaffl MW, Tichopad A, Prgomet C, Neuvians 
TP. 2004. Determination of stable 
housekeeping genes, differentially regulated 
target genes and sample integrity: BestKeeper 
– Excel-based tool using pair-wise 
correlations. Biotechnology Letters 26: 509–
515. 
 
Radonić A, Thulke S, Mackay IM, Landt O, 
Siegert W, et al. 2004. Guideline to reference 
gene selection for quantitative real-time PCR. 
Biochemical and Biophysical Research 
Communications 313: 856–862. 
 
Scharlaken B, de Graaf DC, Goossens K, 
Brunain M, Peelman LJ, et al. 2008. 
Reference gene selection for insect expression 
studies using quantitative real-time PCR: The 
head of the honeybee, Apis mellifera, after a 
bacterial challenge. Journal of Insect Science 
8:33. Available online: 
http://insectscience.org/8.33/   
 
Seal S, Patel MV, Collins C, Colvin J, Bailey 
D. 2012. Next generation transcriptome 
sequencing and quantitative real-time PCR 
technologies for characterisation of the 
Bemisia tabaci Asia 1 mtCOI phylogenetic 
clade. Journal of Integrative Agriculture 
11(2): 281–292 
 
Seal S, vandenBosch F, Jeger M. 2006. 
Factors influencing begomovirus evolution 
and their increasing global significance: 
implications for sustainable control. Critical 
Reviews of Plant Science 25: 23–46. 
 
Sinisterra XH, McKenzie CL, Hunter WB, 
Powell CA, Shatters RG Jr. 2005. Differential 
transcriptional activity of plant-pathogenic 
begomoviruses in their whitefly vector 
(Bemisia tabaci, Gennadius: Hemiptera 
Aleyrodidae). Journal of General Virology 
86: 1525–1532. 
 
Toutges MJ, Hartzer K, Lord J, Oppert B. 
2010. Evaluation of reference genes for 
quantitative polymerase chain reaction across 
life cycle stages and tissue types of Tribolium 
castaneum. Journal of Agricultural and Food 
Chemistry 58(16): 8948–8951. 
 
Tufail M, Takeda M. 2008. Molecular 
characteristics of insect vitellogenins. Journal 
of Insect Physiology 54(12): 1447–1458. 
 
Vandesompele J, De Preter K, Pattyn F, 
Poppe B, Van Roy N, et al. 2002. Accurate 
normalisation of real-time quantitative RT-
PCR data by geometric averaging of multiple 
internal control genes. Genome Biology 3(7): 
research0034.1–0034.11. 
 
Van Hiel MB, Van Wielendaele P, 
Temmerman L, Van Soest S, Vuerinckx K, et 
al. 2009. Identification and validation of 
housekeeping genes in brains of the desert 
locust Schistocerca gregaria under different 
developmental conditions. BMC Molecular 
Biology 10: 56. 
 Journal of Insect Science: Vol. 14 | Article 63  Collins et al. 
Journal of Insect Science | http://www.insectscience.org	 	 	 	 	 	 	 	 	 	 	 	 	 	 	  	 	 	 	 	 	 	 17 
 
 
Table S1. PCR efficiencies for each assay as calculated from dilution (calibration) curves. 
 
 
 
 
 
 
 
 
 
 
R2 = correlation coefficient 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S2. Raw data of the RT-qPCR experiments showing calculated average quantification cycle (Cq) values for reference and target 
genes obtained during Bemisia tabaci development 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Wang X-W, Luan J-B, Li J-M, Bao Y-Y, 
Zhang C-X, et al. 2010. De novo 
characterisation of a whitefly transcriptome 
and analysis of its gene expression during 
development. BMC Genomics 11: 400. 
 
Xie W, Meng Q-s, Wu Q-j, Wang S-l, Yang 
X, et al. 2012. Pyrosequencing the Bemisia 
tabaci Transcriptome Reveals a Highly 
Diverse Bacterial Community and a Robust 
System for Insecticide Resistance. PLOS ONE 
7(4):e35181. 
doi:10.1371/journal.pone.0035181 
 
Yu H, Wan F-H. 2009. Cloning and 
expression of heat shock protein genes in two 
whitefly species in response to thermal stress. 
Journal of Applied Entomology 133: 602–604. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Journal of Insect Science: Vol. 14 | Article 63  Collins et al. 
Journal of Insect Science | http://www.insectscience.org	 	 	 	 	 	 	 	 	 	 	 	 	 	 	  	 	 	 	 	 	 	 18 
 
 
Table S3. Ranking of the reference genes during Bemisia tabaci development using BestKeeper software. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4. Raw data of the RT-qPCR experiments showing calculated average quantification cycle (Cq) values for reference genes ob-
tained under thermal stress treatment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S5. Ranking of the reference genes in Bemisia tabaci adults exposed to thermal stress using BestKeeper software. 
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Actin (ACT)          
 
ATGTGTGACGAAGAAGTAGCAGCACTCGTTGTCGACAATGGATCTGGTATGTGCAAAGCTG
GTTTTGCTGGAGATGATGCTCCACGAGCTGTTTTCCCCTCCATCGTCGGTCGCCCCAGGCAT
CAGGGTGTCATGGTCGGTATGGGACAAAAAGACAGTTACGTTGGAGATGAAGCCCAATCC
AAAAGAGGTATCCTCACCTTGAAATACCCCATTGAGCACGGTATCGTCACGAACTGGGATG
ACATGGAAAAGATCTGGCATCACACCTTCTACAACGAGCTCCGAGTTGCCCCAGAAGAGC
ACCCCATCCTCCTCACCGAAGCCCCCCTCAACCCCAAGGCCAACCGTGAAAAGATGACTCA
GATCATGTTCGAAACCTTCAACACACCCGCCATGTACGTGGCCATCCAGGCTGTGCTCTCC
CTGTACGCCTCCGGTCGTACCACCGGTATCGTCTTGGACTCCGGAGATGGTGTCTCCCACA
CCGTCCCCATCTACGAAGGTTACGCCCTCCCCCACGCCATCCTCCGTTTGGACTTGGCTGGT
CGTGACTTGACCGACTACCTCATGAAGATCCTCACTGAACGTGGTTACAGCTTCACCACCA
CAGCTGAGAGAGAAATTGTCCGTGACATCAAGGAGAAATTATGTTACGTCGCCTTAGACTT
CGAGCAGGAAATGGCCACCGCCGCTGCCTCCACCTCATTAGAAAAGTCCTACGAATTGCCC
GACGGACAGGTCATCACGATCGGAAACGAAAGGTTCCGTTGTCCAGAGGCCCTCTTCCAGC
CATCCTTCTTGGGTATGGAATCTTGCGGTATCCACGAGACCGTCTACAACTCCATCATGAA
GTGTGACGTCGATATCCGTAAGGACTTGTACGCCAACACAGTCTTGTCCGGAGGTACCACC
ATGTACCCTGGTATCGCCGACAGAATGCAGAAGGAAATCACCGCCCTCGCCCCATCGACA
ATCAAGATCAAGATCATTGCTCCCCCCGAGAGGAAGTACTCCGTATGGATCGGTGGTTCCA
TCTTGGCCTCCCTGTCCACCTTCCAACAGATGTGGATCTCCAAGCAGGAATACGACGAGTC
CGGCCCAGGAATCGTTCACCGCAAGTGTTTCTAA 
 
Protein sequence 
MCDEEVAALVVDNGSGMCKAGFAGDDAPRAVFPSIVGRPRHQGVMVGMGQKDSYVGDEAQ
SKRGILTLKYPIEHGIVTNWDDMEKIWHHTFYNELRVAPEEHPILLTEAPLNPKANREKMTQIM
FETFNTPAMYVAIQAVLSLYASGRTTGIVLDSGDGVSHTVPIYEGYALPHAILRLDLAGRDLTD
YLMKILTERGYSFTTTAEREIVRDIKEKLCYVALDFEQEMATAAASTSLEKSYELPDGQVITIGN
ERFRCPEALFQPSFLGMESCGIHETVYNSIMKCDVDIRKDLYANTVLSGGTTMYPGIADRMQKE
ITALAPSTIKIKIIAPPERKYSVWIGGSILASLSTFQQMWISKQEYDESGPGIVHRKCF 
 
Figure S1. DNA sequences (coding domain sequences and translated protein) of the B. tabaci reference and target genes identified in 
this study. The primer sequences used for RT-qPCR are highlighted underlined in red. High quality figures are available online. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)                      
ATGTCTAACATTGGAATCAACGGATTTGGCCGTATTGGTCGTTTGGTTTTGAGAGCCTCCTT
GGAACGTGGAGCTAAGGTTGTTGCCATCAATGACCCCTTCATTGGTCTAGACTACATGATC
TACTTGTTCAAGTATGATTCCACCCACGGACGCTTCAAGGGTGAGGTCAAGGCTGAGGGAG
ACTTCTTGATTGTCAACGGAAACAAAATCCACGTTTTCTCTGAACGTGACCCCAAGGCCAT
TCCATGGAGCAAGGCTGGTGCCGAATACGTTGTAGAATCTACTGGTGTGTTTACAACCATC
GACAAGGCCTCCGCTCACTTGGAAGGTGGTGCAAAGAAAGTCATCATTTCTGCCCCAAGTG
CTGACGCACCCATGTTCGTCGTTGGTGTCAACCTTGAAGCATATGACCCCTCTTACAAAGTC
ATTTCCAATGCATCATGCACAACCAACTGCTTGGCTCCTCTCGCCAAGGTCATCCACGACA
ACTTCGAAATTGTTGAGGGTCTGATGACCACTGTTCACGCCACAACCGCCACACAAAAGAC
TGTTGATGGCCCATCTGGAAAATTATGGCGTGATGGCAGAGGTGCTGCCCAAAACATCATT
CCAGCTGCCACTGGTGCAGCCAAAGCTGTAGGAAAAGTCATTCCCTCTTTGAATGGAAAAC
TCACTGGTATGGCTTTCCGTGTTCCTGTCGCCAATGTCTCAGTCGTTGACTTGACAGTTCGA
TTGGGCAAAGATGCAACCTACGATGAAATCAAAGCCAAGGTCAAGGCCGCAGCTGAGGGT
CCACTGAAGGGTATCTTAGGTTACACCGAGGATGATGTTGTATCTTCTGATTTCATCGGTGA
CACCCAGTCCTCCATCTTTGACGCCAAGGCTGGAATCTCTCTTAACAACAAATTCGTGAAA
CTTATCTCTTGGTACGATAACGAGTATGGTTACTCCAGCAGAGTCATAGATCTGATCAAGT
ACATCCAGACCAAGGATTGA 
 
Protein sequence 
MSNIGINGFGRIGRLVLRASLERGAKVVAINDPFIGLDYMIYLFKYDSTHGRFKGEVKAEGDFLI
VNGNKIHVFSERDPKAIPWSKAGAEYVVESTGVFTTIDKASAHLEGGAKKVIISAPSADAPMFV
VGVNLEAYDPSYKVISNASCTTNCLAPLAKVIHDNFEIVEGLMTTVHATTATQKTVDGPSGKL
WRDGRGAAQNIIPAATGAAKAVGKVIPSLNGKLTGMAFRVPVANVSVVDLTVRLGKDATYDE
IKAKVKAAAEGPLKGILGYTEDDVVSSDFIGDTQSSIFDAKAGISLNNKFVKLISWYDNEYGYSS
RVIDLIKYIQTKD 
 
Figure S1. Continued.  
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Elongation factor 1α (EF1A)        
 
ATGGGAAAGGAAAAGGTCCATATTAACATTGTCGTCATCGGTCACGTAGATTCTGGTAAAT
CTACCACAACTGGACATCTTATCTACAAATGTGGTGGTATCGACAAGCGTACCATCGAAAA
ATTCGAGAAGGAAGCCCAGGAAATGGGTAAAGGTTCCTTCAAGTACGCCTGGGTATTGGA
CAAACTGAAGGCTGAACGTGAGCGTGGTATCACTATCGATATTGCTTTGTGGAAATTCGAG
ACTGACAAGTACTATGTCACCATCATTGATGCCCCAGGTCACAGAGATTTCATCAAGAACA
TGATCACAGGAACCTCACAGGCTGATTGTGCTGTCTTGATCGTAGCTGCTGGTACTGGTGA
ATTTGAAGCTGGTATCTCCAAGAACGGTCAGACCC 
GTGAACACGCTCTCTTGGCCTTCACCCTTGGTGTGAAACAACTCATCGTTGGTGTTAACAA
GATGGACTCCACCGAACCACCCTACAGCGAGGCTCGATTTGATGAAATCAAGAAAGAAGT
CAGCAGTTACATCAAGAAGATCGGATACAATCCAGCTAGCGTAGCCTTCGTGCCAATTTCC
GGATGGCACGGAGATAACATGTTGGAGCCATCCAGCAAGATGCCCTGGTTCAAGGGATGG
CAAATCGAACGTAAGGACGGTAATGCTGAAGGTAAATGCCTGATTGAAGCTTTAGATGCC
ATCCAGCCACCCAGCAGACCCACAGACAAGCCCCTCCGATTGCCACTCCAGGATGTCTACA
AAATTGGAGGTATCGGAACGGTGCCCGTTGGTCGTGTTGAAACTGGAGTGATCAAACCAG
GTATGGTTGTCACTTTCGCCCCTGTCAACTTAACCACTGAAGTTAAGTCCGTTGAAATGCAC
CACGAAGCTCTGCCTGAGGCCGTGCCCGGAGACAACGTTGGTTTCAACGTAAAGAACGTTT
CAGTCAAAGAACTTAGGAGAGGATACGTAGCTGGTGATTCCAAGAACAACCCACCCAGAG
CTACCGCCGATTTCATTGCTCAGGTTATTGTATTGAACCATCCTGGTCAAATCTCCAATGGT
TACACACCCGTCTTAGATTGTCACACAGCTCACATTGCTTGCAAGTTCGCTGAAATCAAAG
AAAAGTGTGACCGTCGTACCGGTAAAACCACTGAAACCGAACCCAAGAGCATAAAGTCTG
GAGATGCAGCCATCATCAACCTAGTGCCCACCAAGCCACTGTGTGTTGAATCTTTCTCAGA
ATTCCCTCCTCTTGGACGTTTCGCCGTCCGTGATATGAGGCAAACTGTCGCTGTTGGTGTCA
TCAAGAGCGTACAAGCCAAGGATCTTTCTGCTGGTAAAGTAACAAAGGCTGCAGAAAAGG
CGCAGAAGAAGAAATAA 
 
Protein sequence 
MGKEKVHINIVVIGHVDSGKSTTTGHLIYKCGGIDKRTIEKFEKEAQEMGKGSFKYAWVLDKL
KAERERGITIDIALWKFETDKYYVTIIDAPGHRDFIKNMITGTSQADCAVLIVAAGTGEFEAGIS
KNGQTREHALLAFTLGVKQLIVGVNKMDSTEPPYSEARFDEIKKEVSSYIKKIGYNPASVAFVPI
SGWHGDNMLEPSSKMPWFKGWQIERKDGNAEGKCLIEALDAIQPPSRPTDKPLRLPLQDVYKI
GGIGTVPVGRVETGVIKPGMVVTFAPVNLTTEVKSVEMHHEALPEAVPGDNVGFNVKNVSVK
ELRRGYVAGDSKNNPPRATADFIAQVIVLNHPGQISNGYTPVLDCHTAHIACKFAEIKEKCDRR
TGKTTETEPKSIKSGDAAIINLVPTKPLCVESFSEFPPLGRFAVRDMRQTVAVGVIKSVQAKDLS
AGKVTKAAEKAQKKK 
 
Figure S1. Continued.  
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α-tubulin (TUB1A)                     
 
ATGCGTGAATGTATCTCAGTACATGTTGGACAAGCTGGAGTCCAGATTGGTAACGCCTGCT
GGGAACTCTACTGCCTTGAGCATGGCATCCAGCCGGATGGTCAGATGCCCTCTGACAAGAC
CATTGGAAGCGGAGACGATAGTTTTAACACCTTCTTCAGCGAGACTGGAGCTGGAAAACA
TGTTCCCCGAGCTGTATTCGTAGATCTAGAACCCACCGTCGTCGATGAAGTCAGAACCGGC
ACATACAGACAGCTGTTCCACCCTGAACAGTTGATCACTGGAAAGGAAGATGCCGCCAAC
AACTATGCCCGTGGTCACTACACTATTGGAAAGGAAATCGTCGACCTAGTATTGGACCGCA
TCCGTAAATTGGCCGACCAATGTACCGGTCTCCAGGGTTTCCTCATCTTCCACTCCTTCGGT
GGTGGTACCGGATCCGGATTCACCTCCCTCCTCATGGAACGTCTCTCAGTCGACTACGGAA
AGAAGAGTAAATTGGAATTCGCAGTCTACCCAGCACCTCAGGTATCCACCGCTGTTGTCGA
ACCCTACAACTCAATCCTCACCACCCACACCACCTTGGAACACTCCGACTGCGCCTTCATG
GTCGATAATGAAGCCATCTATGACATCTGCCGCCGTAACTTGGACATTGAGCGCCCCACCT
ACACTAACCTCAACAGGCTCATTGGTCAAATCGTCTCCTCCATCACAGCTTCCCTCCGATTC
GACGGTGCCCTCAACGTCGACTTGACTGAATTCCAAACTAACTTGGTCCCATACCCACGTA
TCCACTTCCCTCTGGTCACCTACGCCCCTGTCATCTCTGCAGAAAAGGCCTACCATGAACA
GTTGTCTGTCGCTGAGATCACCAACGCCTGCTTCGAGCCTGCCAACCAGATGGTCAAGTGC
GACCCCCGTCACGGCAAATACATGGCCTGTTGCATGTTGTACCGAGGAGATGTTGTGCCCA
AGGATGTCAATGCTGCCATTGCCACCATCAAGACCAAGAGAACCATCCAATTCGTCGACTG
GTGTCCCACTGGTTTCAAGGTCGGTATCAACTACCAACCACCCACTGTTGTTCCTGGTGGC
GATCTTGCCAAGGTCCAAAGAGCCGTGTGCATGTTGTCCAACACCACCGCCATCGCTGAAG
CTTGGGCCCGTCTTGACCACAAGTTCGATCTGATGTACGCCAAGCGTGCTTTCGTCCACTG
GTACGTTGGAGAAGGTATGGAAGAAGGAGAATTCTCTGAAGCCCGTGAGGACTTGGCTGC
CCTCGAGAAGGACTATGAGGAAGTCGGCATGGACTCCGTTGAAGGAGAGGGTGAAGGAGC
CGAAGAATACTAA 
 
Protein sequence 
MRECISVHVGQAGVQIGNACWELYCLEHGIQPDGQMPSDKTIGSGDDSFNTFFSETGAGKHVP
RAVFVDLEPTVVDEVRTGTYRQLFHPEQLITGKEDAANNYARGHYTIGKEIVDLVLDRIRKLA
DQCTGLQGFLIFHSFGGGTGSGFTSLLMERLSVDYGKKSKLEFAVYPAPQVSTAVVEPYNSILT
THTTLEHSDCAFMVDNEAIYDICRRNLDIERPTYTNLNRLIGQIVSSITASLRFDGALNVDLTEFQ
TNLVPYPRIHFPLVTYAPVISAEKAYHEQLSVAEITNACFEPANQMVKCDPRHGKYMACCMLY
RGDVVPKDVNAAIATIKTKRTIQFVDWCPTGFKVGINYQPPTVVPGGDLAKVQRAVCMLSNTT
AIAEAWARLDHKFDLMYAKRAFVHWYVGEGMEEGEFSEAREDLAALEKDYEEVGMDSVEG
EGEGAEEY 
 
Figure S1. Continued.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cyclophilin 1 (CYP1)         
 
ATGGTTCTTGGCTTCGTGTGCCGCCAATCATCATCGTTGCTCACTCACACTCTCTCACATCC
GTTGAAGTACTCAGCGAGCCGGAGCACGCCGTTTGTCAATTTTGTTACTTCTTCAGCGAATT
TAGCCAAAAAAGCAAATATGGCCGGACGTTCCAAAGTGTATTTCGACATGACCGCCGACA
ATGTCCCTGTGGGCAGGATTGTTATGGAGCTCCGCAATGATGTAGTCCCAAAAACAGCTGA
AAACTTCCGTGCCCTCTGCACCGGTGAACAAGGTTTTGGTTACAAGGGCAGCACCTTCCAC
CGTGTCATCCCCAACTTCATGTGCCAGGGTGGTGACTTCACAAACCACAACGGCACTGGTG
GCAAATCTATCTACGGAAACAAATTCGAAGATGAGAACTTCACCCTCAAGCACACTGGACC
AGGTATCCTTTCCATGGCTAATGCTGGCCCCAACACCAATGGAAGTCAATTCTTTATCACAA
CCGTGAAAACCTCCTGGTTGGACAACAGGCACGTTGTTTTCGGTCAAGTCATCGAAGGTAT
GGATGTTGTCAGGAAATTGGAAAGCTATGGATCTCAAAGCGGCAAAACATCCAAGGTTATC
ACTGTTCAAGATTGTGGGCAACTTTCTTAA 
 
Protein sequence 
MVLGFVCRQSSSLLTHTLSHPLKYSASRSTPFVNFVTSSANLAKKANMAGRSKVYFDMTADNV
PVGRIVMELRNDVVPKTAENFRALCTGEQGFGYKGSTFHRVIPNFMCQGGDFTNHNGTGGKSI
YGNKFEDENFTLKHTGPGILSMANAGPNTNGSQFFITTVKTSWLDNRHVVFGQVIEGMDVVRK
LESYGSQSGKTSKVITVQDCGQLS 
 
Figure S1. Continued.  
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Ribosomal protein L13a (RPL13A)        
 
ATGGCTGAGCCGGACATGGATAATAAAGCCGTCAAAGAAGTTTCCGACTACGTTTCTAGAC
GGAAACTAGTCATCGACGGAGAGGGACACCTCAAAGGACGTTTGGCCTCAGTTGTGGCCA
AAGCTCTTCTTCTAGGTCGAGTGGTTGTTGTTTACAACTGTGACAAAATCTGTATCACAGGA
AAGTTTAAGAGGAGTAAACTGAAATGGTTCAAATTTTGGGGTCAGAGGTGTAATGTCAACC
CAGCCAGAGGTCCATTCCACTACAGAGCTCCAAAAGCTATTTTCTACCGATGCGTCAGAGG
TATGGTGCCACGTAAAACGCTGCGTGGACGTAAAGCCATCCGAAACCTGAAAGTTTATGAA
GGTATTCCACCTAAGTATGCCAAGACCACATCTTTGGTTGTTCCCTGTGCTATGAGGGTACT
TAATTGCAGACCTGACTACAAATGGCACACAATTGGAAAACTTTCCTCTGATGTTGGTTGG
AAGTATGGTCCTGTCATCAACAAGTTGAATAGAAAACGCGAAGAGAAGGAGAGAATTGCT
CTTAAGAAGAAACTGAAGATTAAGCAACTCAAGTACATTTCCCGCGTCCAGACCCGTCGCG
ATACTTCCAAATTGGAGAAAAAGATCCGCAAAACAATCAATCAAGCACACTTCAAAACTTT
TGACCAAGGCTACACACTGAAACCAGCCGCTAAGCCCAAACCCAAGAAGACAAAAGCATC
GAAAGCTGCTCCAAAAATAGCAGCAAAATAG 
 
Protein sequence 
MAEPDMDNKAVKEVSDYVSRRKLVIDGEGHLKGRLASVVAKALLLGRVVVVYNCDKICITGK
FKRSKLKWFKFWGQRCNVNPARGPFHYRAPKAIFYRCVRGMVPRKTLRGRKAIRNLKVYEGIP
PKYAKTTSLVVPCAMRVLNCRPDYKWHTIGKLSSDVGWKYGPVINKLNRKREEKERIALKKK
LKIKQLKYISRVQTRRDTSKLEKKIRKTINQAHFKTFDQGYTLKPAAKPKPKKTKASKAAPKIA
AK 
 
 
Figure S1. Continued.  
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Vitellogenin 1 (VG1) 
           
ATTCCAGTAAGAGACTTCTCCTCTTCTGTGATCATGTGGACTCCCGCTTTATTGTGCCTGCT
GGTCGCAGCCGCCAATGCCCAATACGGGTGGAAAAATGGAAACCTCTACAAATACGAAAT
CAACGGACGCACCCTGACCGCCCTGAACCAAGTCGCCGACCAATACGCCGGAGTCTTGTT
CAGAGCCAACTTCTACGTCCAACCCTTCTCCAGTGACAGACTGTCTGCCTACATCCAAAAT
GCCGAGACCGCTCAAGTTCACGCTGAGCTGCCAAGTGGATATGAATCTCACATCCCCTCAA
GCCAGTTGAACTACAAGAGTATGCCCCTCAGCCAAGAGCCATTCGAAATTTACCTGAAGA
AGGGAGTCGTCTCCAACCTTCGCGTCAACAAGAATGTCTCCGACTGGGAACTTAACATCAT
CAAGGCTGTTGTGAGCCAAATCCAAGTTGACACCCAAGGTCAAAACTTGAAGAAATCCAG
CCACAACCAACTCCCCAAGGAAAACAAGCCCTACGGTGTTTACAAGACCATGGAAGACTC
CGTCACCGGTGAATGTGAAACTCTCTACGATGTCTCACCTCTGCCAGAAATCACCCTCCAA
ACCAAACCCTGGTTGGTTCCTTTCCCCAACTTCCGTGAAAACGGACAATTCATCGACATCG
TCAAGACCACCAACTACAGCAAATGTGAAGAACGTTCTGCTTACCACTTTGGTATCACTGG
TCTCACCAACTGGAAACCCGCCAGCAACCAAATGGGACAATTCCTCTCCCGCTCCAACATC
AACCGTGTCGTCATTTCTGGAAACGTGAAATACTACACCATCCAATCCTCTGTTTCCACCA
ACAAAATCGTCATCAGTCCACAGATGTACGAATCACAGAAGGGAATGGTCATCAGTGTCA
TGAACATGACCCTGGCTTCCTTCCACCAAGCCAATGGATCTCCCCGCAGCGTCAACAACTA
CCGCAAGGTCAACAACTTAGTCTACGACTACATGGCCGCTTCTCCAAACGCATACGCTCAA
CACTACAACAACAACGGTGCTTCCAGCAGCTCCTCCAGCTCCAGCTCTGACTCTTCCAGCT
CTAGCTCCAGCTCCAGCAGCAGCTCTTCCTCTTCCAGCTCCAGCAGCAGCTCCTCCAGCTC
CGAAGAAGAATACTACCGCAACAAGAACTACAACAACAAGCACAACAACAATGCCAACA
ACAACGACAACAACAACAAGCACAACAACAACAACAACGACAACAACAACAAGAATGAA
AACAACCACCACAACGGAGATGCCAACGCCTCTCGCAACCGTTCCCGCAGAGACTTATCT
CAATACAACAATGGAAACAACAACAACAACGGAAACAACGACAATGACGCCGAATACGA
AAAGCGCAACAACGGCCACAACGGCCACAATGGAAACAACGGACACAACGGACACAACG
GAAACAACGGCCACAACGGACACAACGGCCACAACGGAAAGAACGTCGACAGTAGCTCC
AGCTCCAGCAGCTCCGAGGAAAACGACCGTTACAACAACGGCAAATTCGCCAGCTTTGCC
CGCCACCACGGATCTGGATCCTCCTCCTCCAGCAGCTCCTCTGACTCCTCCGACTCTTCCAG
CTCCTCCAGCTCCTCCAGCTCTTCCAGCTCCTCCAGCTCCTCCAGCTCCTCCAGCTCCTCTG
ACTCTAGCTCCTCTGACGACAACAGCTCTTACGGATCCTCTGTCGCCAGCAGCGAAGAAGA
ACACCAACCCTTCCCCAAGCTTTACCAAGCCCCACGTACCCCATTCCTTCCCTTCTTCGTCG
GATACTACGGAAACAACATCCAATCCGCTAACAATGTCAACAGCGTCTCTCTTGCCCGCAA
GTTCGCCCAAGAAATCGCCGAAGACATGCGCAGCCCAAGCGACATCCCCGCCAAGGGAAC
CCTGTCCAAATTCACCCTGTTGACCAGAGTCATCAGAACCATGGATGCCAAGCAAATCGA
ACAAGTCGCCCGTGAAATCTACTTCAACTCCAACAAGGCCTCAAGCTACAGCCAAGAGGA
CAACAAGAAGACCTACGCCTGGAAGGCTTTCCGTGATGCTCTCGTTGAAGCCGGAACTGG
ACCCGCCTTTGTTGCCATCGTCAACTTCATCGAACGCAAGGAAATCACCCCATACGAAGCC
TCCTTCATGATCAACCGTCTCCCCACTGTTGCTCGTGAACCAACTCCCGAATACATGAACT
ACTTCTTCAAATTCGCCACCAACGACTACGTCAGAAACGCCAACTACCTTAACGAATCTGC
CCTCCTCTCCTTCGCCGACTTGATGCGCAATGTTGCCGTCGACCGCAAGAGCGCCCACAAC
TACTACCCCGTCCACAGCTTCGGATTCTTCTTCGACCAACACTCCAAGGCCGTTTCTCGCAA
GTACATCCCATACTTCGAGCAAGCTTTGAAGAAAGCCGTCGCTCAAGGTGACAGCCGCAA
GATCCAAGTCTACACCCGTGCCCTCGGAAACTTCGCTCACCCACAAATCCTCAGCGTCTTC
GAACCCTACTTCGAAGGAAAGGTCCCAATCTCCACCTACCAACGCACCTACATGGTCTTCG
CTCTTAACGAACTCGCTCGCGTTTACCCCAACCTTGCCCGCTCCGTCCTCTTCAAGATCTAC
CAGAACACCCAAGAAAACCAAGAAGTCCGTGTTGCCGCTGTCTACTTGATCTTCGCCACAA
ACCCATCTGCCCAAACCCTCCAACGTATGGCTCAATTCACCTACGAAGACCAAGACCAAC
AAGTCAACGCTGCTGTCTCCTCTGCCATCCGCAACGCCGCTAAGAAAGCCGCTGGAATCCG
CGAAGAACTCGCTGAAGCCGCCCAATCCGCCGTCGATCTTCTTAACCCCAAGACCTACGGA
CTCCAATTCTCCAAGACTTGGCTCCGTGACTTCATCGTCAAGGAAGAAAACCTCGCCTACA
GTTACTACGCCGACACCATCCAAAGTGACGACTCTCTCTTCCCCAACCAATACTACGCTTC
CTTCTTCCGTCACTTCGGAGGATTCAACCAACGCGCTGCTTCCTTCCACGCTTTCGCCTCCA
GTGCTAGCGACTTGTACGACAGAGTTGCTGACTCCTTCTACTTCGCCGAACAATACCAAGA
CAAGTCCTTCGAGAAATTCTCCAAGTACTCTGCCGAAGAAATCTTCAAGAACTTCAACTTC
AAGGCTGACTACCCCAAGGAATTGGAAGCTTACTTCCAATACTACTTCTTAGGATCCAAGC
AATACTCCTTCATCAACGAAGAAATCTTCAACCAAATCCCCAGAGATTTGGAAAGTGCTCT
TAACAAGGCTGCCAACGGATACTCCTTCAACAACACCAAGTTCTACAACGACTTCGCTCTT
ACCATTGGATTCCCAACCGCCACCGGTCTTCCCTTCTCTTACACCATCAAGCTCCCAACTCT
CCTCAACTTCGGAGGTGAAATTAAGGCTAAAGTCCAAGGATTCAAGGCTGACAACAACAA
GTTCCGCATCCCTGAAGCTGTCAATGTCACCGCTGCCATTGATGTCACTTACTCCACCAAG
TTGGAAACCAAGATCGGATTCGTTACTCCATTCGACCACCAACGCTACGTTGCCGGAGTTG
ACAAGAACATCAACCTCAACCTCCCCCTTAAGTTCAACGTCAACCTCGATGTTTACAACAC
CAAGGCTGAAATCATCGTCAAGCCATTGAACAACCAACACGAACAAAGAG…. 
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…TCTTCCACTACAGCTCCTACCCCTACACCGCTTTCTACAGCATCTTCGACTTCGCTCCTGT
CCAATTCAACAAGAACATGAAGAAGATCCAAACCAACAACCACAAGAACGAATACAACC
AAGCCTTTGGAGATGAGAAATTCGGACTCAACTTCCGTGCCAACTACAAGGGAGACTACC
AATACTTCGATTTCGCTACTTTCTACAACTACTTCCAACGCAACGACCTCGTCACCTTCTTC
TTCTACCCATGGGCTGAACAAGAAATCAAGCAAAACGACTTCAACTTCTACTTCAACCCAT
CTGCCTCTGCCAACAAGGCCGCCAAATTCACCTTCAACTACGCCTCCAAATACGCCGCTAA
GGAACAAGCCGACCACGAGAGCAGAAACGCCAACACCAACGATGCCGTCACCTCCAACA
ACAAGCCCGACAGCGAAGAAAGATTGAACGAATTCGTCCGCAAATCCTACGCCGGAATCA
ACAGTGCCTTCGTCAACGCCTTCGACTTCTCTGCCCAATTCCTTGGACAAAAGGAAGCCGA
CTACGTTTGCACCTTTGCCTTCGCCCGCAGCCCAGTTGCTGAGAAATCTCGTTTCCTTTTCT
ACGGACACTACAACACTGCCAACAACAAGAAACAACAGTGCGCTTTCCACGCCTCCGCTG
AAATGCCCAATGTTCCATTGACCAACCCTGCTGCCGCCATGAAGGCTGAGCCAGCATCCAA
GATCTACGCTAACTTCAAGTTCGGAGAATCTTTCGAAAATGCCGCCAAGGTTCACTTCAAC
GCTAACTTGAAGCAGAGCTCTGAACGCCGTCAATTCCTCCGCAACAACGCCCTTTACAAGC
AATGCGAATCCGAAATGGAACGTGGACAATACTTCCTCCCTGCTTGCCGTAACTTCACCGT
TGCTGACAACAGAATGAACGAATACTACTACAACTTCAACTTCCAAAACATCCCTGAATAC
TTCAAGAACTACACCTACCAAGCCTTCGCTTTCGCCCGTCACATGGATACCAATACCAAAG
TGAAACGTCGTCAACCCACACTACAAACCCAACGAAATTGAAGGATTCTTCAAGTTCTCCC
CCAGCTTCAGATACGCCAACTTCTCTTTCGCCTCTCCCGCCTTATCCGCTGCCTTCGACAAT
GTCCCCGTAAACCCATACTTCGCCGCCATCTTCGCTCCCCACCCAACTTACACCGCCTTCGA
CTTCCTCATGCAAGAAACTTTCAGATCCAAATACCAAGCTGCCTGTGTCGCTGACAAGGGA
TTCGCCACCACTTTTGACAACAGAACTTTCCCCGCTCACTTCCAAAACAACTGGTACGTCC
TCATGGCCTACATGAACAGAAACAACTACTACAACAACAACTTCAACCAATACCTCCAAC
AAAACAAGAACCAACACAGCTACAGAGACTACAACGAGAAGAGATTCTACTCCGCTGTCC
TCGCCAGAGACAACAGCCACGGCCAAAAGGAATTGAAGGTTGTCCTGAACAACGGTGAGT
ACGAATTCAACTTCGAACCCGCTTCCCAAAACGCTGGATTCTCTAACTCCTTCTCCGCTAG
CAACCCCGCCGCCAAGGTCCAATTCAACAAGGAAGAACAACACGTTCAATACAAGTACAT
GAACGACTTCTTCGACAAGAACGGAAAGATCTTCGCCCAATTCTACGCTCTTCCCGATGGA
ACCATCCGCTTCTTCGCCCCTCAAGCTGGTCTTGAATTCTTCTACGATGGTGCTCGCGTCAA
ATTCCAAGCCGCCAGCCAATACCGTGGTGCCGTCCGTGGTATCTGTGGAACCTACTCCAAC
CAATACGCCGATGACTTCACCAGCCCCAAGAACTGCGTCATGAGAAACCCAGAATACTTC
ACCGCCGCCTACGCCTTCATCGACTCCTCCTCCCCCGCCCAACTTAAGGCCCAACGCGACC
AAGCTGAACAGAGCTCCTGCGCCTACAAGACCTACTTGGCCGGAAACTACGTCAGCCGCA
ACGAAGGACAAAACGGAAACAAGTACTACAAGTACAACAACAACGACAAGTACTACGAA
TCCGCCTACAAGAACTCCAAATACTACGATGCCGCCAGATACAACCACCAATACAACCCA
TACTACCAGAACAAGAAGTACGCCCGTAACGAAGATGCTTCCTACTCCAGCAGCAGCAGC
TCCTCTTCCTCCAGCTCTGACAGTTCCTCCTCTTCTTCTTCCATGGACAACTCCTACTACTAC
AACAACAACGGTAACAACAACGACAGCAACAACCGTAACAACAACCGCAACAAGAACCG
CAACGGATCCTCCAGCAGTTCCTCCAGCAGCAGCTCCTCCTCCAGCCCAAGCATGGAGAGC
TACGAACAGAGAAACCAAAACGGACCATCCATCCACAAGCTTTACCGCTCCATGAACGAA
GGAGACAAGACCTGCTTCTCCGTCAACTCCATCCAACTTGCAGATACCATACAAGCCCAAG
GTGGAGCCAACAAAGAGATTGACTTCTACTGTGTCCCAGAAACAGCGAAGAAGCTCAATA
CTTCGAGAAGCTCATGAAGAAGGGAGTTAACCCCAGCCAACTTTCTTCCAAGAAAGCCAA
CAACCAATTCAAGGTCAACATCCCTGAATACTGTGTTGCTTAAAAATTTACTTCTTAAGTA
AAACGTATGTGTTAACAAGTGTTCCACTGTAGTTTAGTATTCTGTATTAACAGAGGACCGC
GGGTATATTCTCACGATTGAACTTGTGTTCCTCTGCACGAAAAAAAAAAAATAA 
 
Protein sequence 
MWTPALLCLLVAAANAQYGWKNGNLYKYEINGRTLTALNQVADQYAGVLFRANFYVQPFSS
DRLSAYIQNAETAQVHAELPSGYESHIPSSQLNYKSMPLSQEPFEIYLKKGVVSNLRVNKNVSD
WELNIIKAVVSQIQVDTQGQNLKKSSHNQLPKENKPYGVYKTMEDSVTGECETLYDVSPLPEI
TLQTKPWLVPFPNFRENGQFIDIVKTTNYSKCEERSAYHFGITGLTNWKPASNQMGQFLSRSNI
NRVVISGNVKYYTIQSSVSTNKIVISPQMYESQKGMVISVMNMTLASFHQANGSPRSVNNYRK
VNNLVYDYMAASPNAYAQHYNNNGASSSSSSSSSDSSSSSSSSSSSSSSSSSSSSSSSSEEEYYRN
KNYNNKHNNNANNNDNNNKHNNNNNDNNNKNENNHHNGDANASRNRSRRDLSQYNNGNN
NNNGNNDNDAEYEKRNNGHNGHNGNNGHNGHNGNNGHNGHNGHNGKNVDSSSSSSSSEEN
DRYNNGKFASFARHHGSGSSSSSSSSDSSDSSSSSSSSSSSSSSSSSSSSSSSDSSSSDDNSSYGSSV
ASSEEEHQPFPKLYQAPRTPFLPFFVGYYGNNIQSANNVNSVSLARKFAQEIAEDMRSPSDIPAK
GTLSKFTLLTRVIRTMDAKQIEQVAREIYFNSNKASSYSQEDNKKTYAWKAFRDALVEAGTGP
AFVAIVNFIERKEITPYEASFMINRLPTVAREPTPEYMNYFFKFATNDYVRNANYLNESALLSFA
DLMRNVAVDRKSAHNYYPVHSFGFFFDQHSKAVSRKYIPYFEQALKKAVAQGDSRKIQVYTR
ALGNFAHPQILSVFEPYFEGKVPISTYQRTYMVFALNELARVYPNLARSVLFKIYQNTQENQEV
RVAAVYLIFATNPSAQTLQRMAQFTYEDQDQQVNAAVSSAIRNAAKKAAGIREELAEAAQSA
VDLLNPKTYGLQFSKTWLRDFIVKEENLAYSYYADTIQSDDSLFPNQYYASFFRHFGGFNQRA
ASFHAFASSASDLYDRVADSFYFAEQYQDKSFEKFSKYSAEEIFKNFNFKADYPKELEAYFQY
YFLGSKQYSFINEEIFNQIPRDLESALNKAANGYSFNNTKFYNDFALTIGFPTATGLPF… 
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…SYTIKLPTLLNFGGEIKAKVQGFKADNNKFRIPEAVNVTAAIDVTYSTKLETKIGFVTPFDHQR
YVAGVDKNINLNLPLKFNVNLDVYNTKAEIIVKPLNNQHEQRVFHYSSYPYTAFYSIFDFAPVQ
FNKNMKKIQTNNHKNEYNQAFGDEKFGLNFRANYKGDYQYFDFATFYNYFQRNDLVTFFFYP
WAEQEIKQNDFNFYFNPSASANKAAKFTFNYASKYAAKEQADHESRNANTNDAVTSNNKPDS
EERLNEFVRKSYAGINSAFVNAFDFSAQFLGQKEADYVCTFAFARSPVAEKSRFLFYGHYNTAN
NKKQQCAFHASAEMPNVPLTNPAAAMKAEPASKIYANFKFGESFENAAKVHFNANLKQSSERR
QFLRNNALYKQCESEMERGQYFLPACRNFTVADNRMNEYYYNFNFQNIPEYFKNYTYQAFAF
ARHMDTNTKVKRRQPTLQTQRN 
 
Figure S1. Continued.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. PCR amplification products generated using gene-
specific primers for reference and target genes. PCR products 
were resolved by gel electrophoresis in a 3% agarose gel and 
stained using ethidium bromide. Lanes: (1) 100 bp marker (New 
England Biolabs) (2) Not specified (not applicable) (3) Not 
specified (not applicable) (4) VG1 (5) ACT (6) GAPDH (7) EF1A 
(8) TUB1A (9) CYP1 (10) RPL13A. High quality figures are 
available online. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
